Because the density of binding sites measured biochemically is three to four orders of magnitude in excess of channel densities measured biophysically, it is unlikely that high-affinity ligand binding can be used physiologically to quantitate channel densities and characterize the channel proteins.
patch clamp; noise analysis; A6 cell line; renal collecting duct; frog skin; toad urinary bladder STRUCTURAL, FUNCTIONAL, AND MOLECULAR approaches will undoubtedly be required to establish and understand the composition, behavior, and unique molecular form(s) of channels involved in ion transport across biological membranes. Regardless of the methodology used, results of experiments must converge to form a cohesive picture of the channels and how they are regulated in their native environments.
In this review, we focus attention on biochemical and biophysical approaches that have been used to determine channel densities of functional Na+-selective, amiloride-sensitive epithelial channels involved in reabsorptive processes in renal distal tubules, amphibian skin and urinary bladder, distal colon, sweat ducts, and cultured tissues such as the A6 cell line derived from the kidney of Xenopus laevis. The channel appears to have been conserved through evolution, is generally associated with electrically "tight" epithelia, and exhibits similar properties when expressed in native tissues and mRNA-injected oocytes. In polarized transporting epithelia, the channel is invariably found within the apical membranes of the cells. A variety of hormones and modulators of transport act to change the rate of Na+ entry into the cells, involving either changes of single-channel currents, channel open probabilities, and/or channel densities. The epithelial Na+ channel is often referred to as the amiloride-sensitive channel to distinguish it from the family of voltage-gated Na+ channels with which it shares no functional or structural similarity and in recognition that it is inhibited reversibly by the pyrazine diuretic amiloride at nanomolar concentrations [binding constant KR = 60 nM (44, 52)] in intact epithelia.
AMILORIDE BINDING AND SPECIFICITY
In the mid 1970s and before the recognition that Nat entry into the cells occurred by channels and not saturable carrier-mediated transporters (59), Cuthbert and his colleagues (16, 17, (20) (21) (22) (23) initiated biochemical experiments to measure specific binding sites of [14C] amiloride at the apical membranes of the cells of the well-studied amphibian skin and toad urinary bladder. These studies were based on the observation that amiloride exhibited a saturable binding component C761 C762 INVITED REVIEW with an affinity in the range found when amiloride was used as an inhibitor of Na+ transport (20). It was assumed that the amiloride binding site was part of the Na+ entry site and could, therefore, be used to estimate the density of channels. Although a single population of high-affinity binding sites was identified, it was carefully noted that a proportion of these sites may represent binding that was not associated with Na+ entry (17, 20, 21). This technique was used to examine the effects of vasopressin, aldosterone, media Na+ concentration, chronic amiloride, spironolactone, and transepithelial voltage on the expression of the amiloride binding sites. The number of binding sites varied from 13,000 to 140,000 per 100 urn2 depending, in part, on experimental treatment protocols (Table 1) . During the late 1970s and early 1980s a number of amiloride analogs were developed that exhibited afinities for the Na+ channel that surpassed the parent compound (54). Some of these compounds, notably phenamil and bromoamiloride, bound irreversibly to their receptors, making these reagents potentially more useful as tools for measuring channel density and for channel isolation, identification, and reconstitution (6, 36)
Using the high-affinity analog ["HI benzamil, Cuthbert and Edwardson (18) extended their earlier binding studies to include a wide variety of tissues and animal species. In general, the binding was confined mainly to organs considered to contain relatively large amounts of amiloride-sensitive Na+ channels, namely the kidney and colon. In rat and rabbit kidney, displaceable binding activity was higher in the cortex than in the medulla. In rat kidney, inhibitors known to interact with the Na+ channel competitively displaced benzamil binding. However, it was concluded that the high-affinity, low-capacity binding site did not appear to be identical to the Na+ entry site in the distal tubule. Binding sites The purified complex from bovine renal papilla was used to produce antibodies (85) that, in turn, recognized epitopes on the intact bovine medullary collecting duct and A6 cell confluent monolayers.
In both cases, only the apical surface showed antibody reactivity. There was little basolateral staining and no evidence of subapical localization (86). In the rat kidney, the antibody reacted against an epitope in the apical membranes of the medullary collecting duct principal cells (11 In contrast to the anti-channel antibodies produced by Benos and his colleagues (Ss), the anti-idiotypic antibodies also labeled cytosolic sites both subapically and at or near the basolateral cell border (56). Collectively, it was clear from the studies outlined above that there are high-affinity amiloride binding sites found in tight epithelia. The binding affinities for amiloride and its analogs are in the range known to inhibit Na+ channels, and, therefore, it has been assumed that ligand binding can be used to obtain estimates of channel densities. For comparative purposes with the biophysical data below, we have summarized the available binding data in ties must fall into a range considerably less than 200-300 channels/l00 urn2 in intact tissues (Fig. 1B) . Because the Rb averages near 1,000 n-cm2 in frog skin (32, 46, 49, 50) and near 3,000 flcm2 in A6 epithelia (40, 41) , the open-channel densities would be -50 and 9 channels/l00 urn2 at Na+ transport rates of 25 and 5 pA/cm2, respectively. The total pool of apical membrane transporting channels in these tissues would at most be expected to be 250 and 45 channels/100 pm2 if channel open probability is as low as 0.2 at these specified transport rates.
COMPARISON OF BINDING SITE AND OPEN-CHANNEL DENSITIES
A direct comparison of the estimated number of channels measured by biophysical techniques with amiloride binding site densities reveals a rather large discrepancy. This discrepancy is illustrated and summarized graphically in Fig. 2 . The curves on the bottom of the graph are the same as those shown in Fig. lB,  indicating the dependence of open-channel density on the macroscopic Na+ transport rate. It should be noted that the data in this figure are plotted on logarithmic scales. Regardless of transport rate, ligand, or tissue studied, at least among frog skins, toad urinary bladders, and A6 epithelia, binding site density averages -40,000 sites/l00 um2. Without question, only a very small fraction of these sites (-l/1,000)
can be involved in Na+ transport. Indeed, between 1973 and 1982, Cuthbert and his colleagues reported single-channel currents that averaged about four orders of magnitude less than has been observed by any method other than ligand binding (Table 1) . Clearly, this discrepancy cannot be dismissed or resolved, leading to the conclusion that ligand binding overestimates the channel densities involved in transport by several orders of magnitude, at least in tissues like frog skins, toad urinary bladders, and cultured A6 epithelia, in which direct comparisons of binding and channel densities are possible. Accordingly, by the early 1980s and in view of the emerging results from noise analysis, there was a strong suspicion that ligand binding, despite rigorous attempts to exclude nonspecific binding, considerably overestimated channel densities involved in Na+ transport. This suspicion was strengthened subsequently by the observations of others (35, 38), who noted similar discrepancies between the number of channels estimated biophysically and by ligand binding. In our review of the literature, we were able to find only a single instance where ligand binding and biophysical data were quantitatively comparable. Cuthbert and his associates (19) used the amiloride analog benzamil to correlate transport rates and analog binding in the hen coprodaeum. This intestinal epithelium exhibits unusually high rates of amiloride-sensitive Na+ transport in response to salt deprivation, acting presumably through mineralocorticoid stimulation. Their data are replotted in Fig. 3 , with conversion of site densities of femtomoles per centimeter squared to sites per 100 um2.
Under control (normal salt diet, NS) conditions, the epithelial cells lining the intact coprodaeum had a macroscopic transport rate of 7 PA/cm2 that increased to 137 PA/cm2 when the animals were placed on a low-salt diet (LS). to 672 sites/100 urn 2. The calculated single-channel current in stimulated tissues is 0.2 pA (0.1 pA in the control tissues), which is remarkably similar to the value of 0.3 pA measured by noise analysis (15) and is, indeed, in the range expected at very high transport rates .3 These ligand-binding data in copradaeum are unique. Single-channel currents and channel densities are comparable with those of other tissues that share the same 5pS channel. There are two important implications for this tissue, namely, 1) their apical membranes must be essentially impermeable to the ligand, and 2) specific ligand binding does not occur to apical membrane proteins other than transporting channels. Also shown in Fig. 3 are the specific [3H]benzamil binding site densities found in epithelial cell homogenates derived from control and salt-deprived animals. Although apical membrane binding site density was stimulated markedly by the low-salt diet, the density of binding sites within cell homogenates was decreased by 38% in LS tissues. In LS and NS tissues the density of sites within the homogenates far exceeded those within the apical membrane: 60-fold in LS and -l,OOO-fold in NS tissues. Accordingly, the vast pool of intracellular benzamil binding sites did not appear to change in parallel with either the large increases of Na+ transport or apical membrane binding sites. For reasons that remain unknown, the apical membranes of this tissue, unlike others (see below), appear to be essentially impermeable to benzamil. The ability to segregate experimentally the apical membrane from other cellular compartments most likely accounts for the correlation of channel densities measured biophysically and biochemically in this tissue. The foregoing considerations raise very important issues. Can apical membrane channels be estimated by ligand binding? Our review of the literature would suggest not. The most notable difference between copradaeum and other tissues is the demonstration that the apical membrane is impermeable to the ligand. This impermeability is not universal, As cited above, Garvin et al. (37) documented that ["Hlphenamil permeated the apical plasma membrane of toad urinary bladder. The parent compound, amiloride, has been shown to cross cell membranes of freshly isolated proximal tubules (84) and those of the toad urinary bladder (20).
What are amiloride and its related analogs binding to? There is no question that amiloride binds to open-. channel proteins as evidenced unequivocally by blockerinduced noise and by interruption of the single-channel currents in patch-clamp records. In an elegant study by Goldstein and colleagues (38), ["HI phenamil and [3H]benzamil were used as probes of specific binding sites in chicken lower intestine. Both compounds bound to a single population of sites whose affinity and specificities were the same as those of the Na+ channel. However, when ligand binding and Na+ transport inhibition were carefully examined in a paired comparison, substantial differences were found between the high-affinity ["Hlphenamil binding site and the site whose occupancy blocks Na+ transport. It was concluded that tight epithelia contain a major amiloride receptor other than the Na+ channel. As outlined above, this issue had been raised earlier in regard to both rat kidney and toad urinary bladder (l&37).
There have been a number of amiloride-binding proteins identified, and several of these have been mentioned in this review. As already noted, Kleyman and colleagues (57) documented the specific binding of [3H]bromobenzamil to at least three membrane proteins having molecular masses of 176, 77, and 47 kDa. Barbry and co-workers (4, 5, 62, 64) identified a 185-kDa ["Hlphenamil receptor in porcine epithelial cells. The cDNA for this amiloride-binding protein was isolated from human kidney and rat colon, and its primary structure was determined. More recent studies have indicated that this amiloride-binding protein is diamine oxidase and may have little or nothing to do with Na+ transport (5a).
In addition to binding to active apical membranebound Na+ channels, amiloride and its analogs must interact with inactive channels or with other nonchannel proteins like diamine oxidase. There is unquestionably a pool (or pools) of channels not involved in transport (subapical, membrane bound, etc.) that can be recruited to the pool of apical channels that subserve transport. Because of nonchannel binding, it is presently impossible to partition binding sites into pools of inactive channels and nonchannel binding sites. The magnitudes of these pools will not be resolved until unique and highly specific markers of channels are available that explicitly rule out nonspecific binding to proteins like diamine oxidase. Although the hen copradaeum contains a large intracellular pool of binding 
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